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Antibody-directed enzyme prodrug therapy (ADEPT) 
has the potential of greatly enhancing antitumor selec- 
tivity of cancer therapy by synthesizing chemothera- 
peutic agents selectively at tumor sites. This therapy is 
based upon targeting a prodrug-activating enzyme to a 
tumor by attaching the enzyme to a tumor-selective an- 
tibody and dosing the enzyme-antibody coiyugate sys- 
temically. After the enzyme-antibody conjugate is local- 
ized to the tumor, the prodrug is then also dosed 
systemically, and the previously targeted enzyme con- 
verts it to the active drug selectively at the tumor. Un- 
fortunately, most enzymes capable of this specific, tu- 
mor site generation of drugs are foreign to the human 
body and as such are expected to raise an immune re- 
--sponse when injected, which will limit their repeated 
administration. We reasoned that with the power of 
crystallography, molecular modeling and site-directed 
mutagenesis, this problem could be addressed through 
the development of a human enzyme that is capable of 
catalyzing a reaction that is otherwise not carried out in 
the human body. This would then allow use of prodrugs 
that are otherwise stable in vivo but that are substrates 
for a tumor-targeted mutant human enzyme. We report 
here the first test of this concept using the human en- 
zyme carboxypeptidase Al (hCPAl) and prodrugs of 
methotrexate (MTX). Based upon a computer model of 
the human enzyme built fi-om the well known crystal 
structure of bovine carboxypeptidase A, we have de- 
signed and synthesized novel bulky phenylalanine- and 
tyrosine-based prodrugs of MTX that are metabolically 
stable in vivo and are not substrates for wild type human 
carboxypeptidases A Two of these analogs are MTX-a- 
3-cyclobutylphenylalanine and MTX-a-3-cyclopentylty- 
rosine. Also based upon the computer model, we have 
designed and produced a mutant of human carboxypep- 
tidase Al, changed at position 268 from the wild type 
threonine to a glycine (hCPAl-T268G). This novel en- 
zyme is capable of using the in vivo stable prodrugs, 
which are not substrates for the wild type hCPAl, as 
efficiently as the wild type hCPAl uses its best sub- 
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strates {Le. MTX-a-phenylalanine). Thus, the k^JK^ 
value for the wild type hCPAl vidth MTX-a-phenylala- 
nine is 0.44 ^tM"^ s-\ and KJK^ values for hCPAl- 
T268G with MTX-a-3-cyclobutylphenylalanine and MTO- 
a-3-cyclopentyltyrosine are 1.8 and 0.16 ^mm s" , 
respectively. The cytotoxic efficiency of hCPAl-268G 
was tested in an in vitro ADEPT model. For this exper- 
iment, hCPAl-T268G was chemically coiyugated to 
ING-1, an antibody that binds to the tumor antigen Ep- 
Cam, or to Campath-IH, an antibody that binds to the T 
and B cell antigen CDw52. These conjugates were then 
incubated with HT-29 human colon adenocarcinoma 
cells (which express Ep-Cam but not the Campath IH 
antigen) followed by incubation of the cells with the in 
vivo stable prodrugs. The results showed that the tar- 
geted ING-l:hCPAl-T268G conjugate produced excel- 
lent activation of the MTX prodrugs to kill HT-29 cells as 
efficiently as MTX itself. By contrast, the enzyme-Cam- 
path IH conjugate was without effect. These data 
strongly support the feasibility of ADEPT using a mu- 
tated human enzyme with a single amino acid change. 



A current major challenge to cancer therapy is to increase 
antitumor selectivity. One approach to realizing this goal is to ^ 
use the exquisite selectivity of the antibody: antigen reaction to ; 
target therapeutic entities specifically to tumors. \Vh\\e abso- . 
luteiy'tlimor-specific antibodies are not known, many antibod- 
ies are available that can deliver tumor-selective targeting (for 
review, see Ref. 1). 

One investigational therapy that makes use of this principle , 
of antibody targeting is antibody-directed enzyme prodrug 
therapy (ADEPT).^ ADEPT is a powerful strategy with the 
potential for tumor-specific long-term delivery of chemotherapy 
(2-7). The premise of ADEPT is to target an enzyme of interest 
specifically to tumor cells by coupling it to a tumor-specific 
antibody. This conjugate is delivered to the patient systemi- . 
cally and th^allowed to bind to the antigen-expressing target 
cells. Unbound conjugate is allowed to clear from circulation, 
^d when the^'circulating levels of conjugate are sufficiently 
low, a prodrug is administered, also systemically, that can be 
converted to a toxic chemotherapeutic drug by the targeted 
enJyme-antibody conjugate. The action of the enzyme-antibody 
conjugate on the prodrug then ideally generates lethal levels of 
drug specifically at the tumor site. For this therapy to be 



* The abbreviations used are: ADEPT, antibody-directed enzyme pr^ , 
drug therapy; CPA, carboxypeptidase; hCPA, human CPA; bCPA bo- 
vine CPA; MTX, methotrexate; HPLC, high pressure liquid chromatog- 
raphy; WT, wild type; Sulfo-SMCC, sulfosuccinimidyl 4-(A^-maleinudo- 
methyl)cyclohexane-l-carboxylate. 
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lective, however, nonspecific activation of the Vrodnigjt 
distant to the tumor must be minimized. This is generally 
complished by using a conjugate enzyme with an activity not 
.dogenous to the host or at least not accessible to the prodrug 

29) 

A number of ADEPT strategies have been reported (2-29). 
he concept has been shown to be effective both in in vitro and 
, vivo models, and at least one ADEPT strategy is currently 
nLrgoing clinical evaluation (27-29). ADEPT ficacy 
as been demonstrated with enzyme-antibody conjugates of (a) 
arboxypeptidase G2 along with several nitrogen mustards 
14-16), (6) alkaline phosphatase with phosphorylated pro- 
Inigs of mitomycin, a phenol mustard, and etoposide (3, 10 

p-lactamase with lactam P-'l-gf t.^^'J^jrisT^^^^^^ 
ilkaloid analogs, and a nitrogen mustard (7, 12 13 17. 18), W) 
penicillin-G amidase with prodrugs of palytoxm doxonibicin 
and melphalan (8, 9), (e) peniciUin-V amidase with a prodrug of 
doxorubicin (2. 7). (f) human or Escherichia coh P-gl«™i^ 
dase with glucuronide prodrugs of epirubicm, doxorubicin and 
a nitrogen mustard (22-24), (g) cytosine deammase and 5-fluo^ 
rocytosine (25, 26), and (h) bovine carboxypeptidase A and 
a-amino acid prodrugs of MTX (19-21). Further, m vivo anti- 
tumor efficacy has been shown in a number of systems using 
the enzymes alkaline phosphatase, carboxypeptidase G2 p-lac- 
tamase, and ^-glucuronidase (2, 3, 7. 10-13, 15-18, 24). 

An inherent problem with antibody-targeted therapies is the 
immune response mounted by the host to the foreign proteins 
and other antigens used in the therapy (1, 28). For example 
monoclonal antibodies used in antibody targeting-based ther- 
apies are in general rodent in origin and as «<=°f^';!j^^y 
the immune system (1, 28). ADEPT has the additional problem 
that the enzyme used to generate the site-specific drug synthe- 
sis can also be immunogenic, especially when a foreign enzyme 
is used. The immunogenicity associated with these foreign 
antibody or enzyme proteins decreases the utility of the anti- 
body-targeting strategies by decreasing the ability of the phy- 
sician to perform multiple dosing regimens. 

Attempts are being made to overcome the immune response 
to the rodent antibodies through 'liumanization of the anti-_, 
bodies (30). In this strategy, much of the sequence of the mouse 
monoclonal antibody is replaced with corresponding human 
antibody sequence. Only selected residues at the antigen com- 
bining site are left intact, leaving relatively few rodent resi- 
dues" remaining in the antibody. 

We reasoned that the imunogenicity associated with the use 
of enzymes of nonhuman origin might be circumvented through 
a similar strategy. However, we chose not to precisely follow 
the strategy of antibody humanization, which commences the 
process with the binding site of a foreign protein. Rather, our 
approach to generate a composite human/nonhuman enzyme 
was to start with a fully human enzyme and change the active 
site" at one or two residues to produce a >99.5% human en- 
zyme capable of efficiently performing a non-human reaction^ 
This human enzyme with non-human specificity, along with 
humanized antibodies, should then facilitate the production of 
enzyme;antibody conjugates having lower immunogenicity and 
benefit the development of multiple dosing regimen AJJJiKi 

strategies. ~ ... 

Our initial target to generate a human enzyme with non- 
human specificity was human pancreatic carboxypeptidase A, 
recently cloned and expressed in our laboratory (31). Pancre- 
atic carboxypeptidase A is a zinc-containing exopeptidase re- 
leased into the small intestine from the pancreas as a zymogen 
. , , 4 V ^ o f urn <7?rt,her subclasses, t/fAl 



similar and both enzymes prefer aromatic C-termmd amno 
acids CPA2 enzyme prefers bulkier aromatic C-termma^ 
amino acids (31. 37). This was shown for the rat enzyme with 
di- and tripeptide substrates and for the human with aimno 
acid prodrugs of MTX (31, 37). High resolution crystal struc- 
tures for bCPA have been determined (32). Of the nine active 
site residues within 4.5 A of the ^-nd substrate,^^ 
vary among bovine CPA (32). rat CPAl (36). rCPA2 (37), 
hCPAl (31, 34). andhCPA2 (31. 35). These changes, at "-esidues. 
253, 254, and 268, describe a larger binding pocket for 
thii CPAl and provide a rationale for the substrate 

'^H?eSns and co-workers (19-21) developed an i.ujJro 
ADEPT approach using MTX prodrugs in which MTX was 
modified at the a-carbon of the glutamate moiety with one of 
several natural amino acids. These P^dnigs were relatively 
nontoxic in cell culture but could be activated by bovine CPA or 
carboxypeptidase B to form MTX. The most successfiil of these 
prodrugs was MTX-Phe, which was found to be an excellent 
Substrate for bovine CPA (21). This system was effective under 
cell culture conditions where the IC,o of MTX-Phe against 
S2IO cells changed from 2.2 X 10^ to 6.3 >< -jf^*- 
guishable fi-om MTX itself, in the presence of bovine CPA or a 
Wne CPA-antibody conjugate (21). An imPf^nt Positive 
aspect of this system is its use of MTX with its well known 
efficacy and toxicity profile (38, 39). Thus. MTX maximum 
tolerated doses are due to well understood gut and bone mar- 
row toxicities. Therefore, specific generation of high concentra- 
tions of MTX at tumor sites distal from these sites of known 
toxicity should not have major side effects. Two potential hm- 
Son's to the use of the bCPAMTX-Phe system m humans 
however, are the possible background activation of P^drug by 
endogenous hCPA to liberate MTX systemically and the im- 
mune response elicited by the bovine protem 

We sought to improve upon the MTX-PheAiCPA system in 
two ways First, we sought to use the human rather than 
bovine CPA. Second, we sought to change the catalytic speci- 
fy of the human enzyme(s) to accommodate prodrugs 
that are not substrates for the endogenous wild type car- 
boxypeptidases and would therefore be expected to be stable m 
Z^'ke strategy chosen" to accomplish this goal exploited 
parallel computer-aided design of novej active fes an^^^n^^^^ 
MTX-a-amino acid prodrugs. Specifically, wild type hCPA and 
novel hCPA mutant active sites were designed using pro ein 
homology model building from the well known high resolut on 
crystamructure of bCPA (40). Then these computer-generated 
aSive site mutants and similarly generated modified sub. 
strates were evaluated together and compared with wild type 
enzyme-substrate complexes. Favorable mutants and modif^d 
sub^ates were prepared and Rested in vUro and Jo-^We 
report here MTX prodrugs thaUftre stable m ...o a one-ammo 
acW mutant of hCPAl that cai^efficiently use these m i^.o 
stable prodrugs, aAd the use of these prodrugs along with a 
Jfutanf hCp/enzyme-antibody conjugate for antigen-specific 
cytotoxicity in vitro, ffhe work reported demonstrates proof of 
principle for the me^odology for developing a very efficient 
mutant human enzyme/prodrug combination «br use in 
ADEPT. 

EXPERIMENTAL PROCEDURES 
Materials 



Human CPAs were obtained as described previously (31)- Cell lin^ 
wereTbtained from ATCC (R«*yille. ^D) and grown in 90^ RP»^^ 
1640 10% fetal calf serum at 37 °C under 5% CO,. HT-Z9 ceils lor in 
ifiro'ADEPT experiments in human serum were taken from this me- 
Hil and ^own'^for 3 weeks in 95% RPMl 1640. 5% human serum at 



15806 



T26SQ Muiani ofHCFAl Hydrdyz.. Novel MTX Proiru,. 

f-^y.- iiemp a Dolymeri 



Table I 
Structw^sofM^^ 




GW1311 Phenylalanine 
Negatively charged prodrugs 
GW2310 Glutamate 
gSS SSphenylalanine 
r,WS199 3-Carboxytyrosine 
GW4694 3-Carboxyphenylalamne 
bS aromatic prodrugs (phenylalamne-based) 



MTX-Phe 



i 

\ 
\ 

! 



MTX-Glu 
MTX-Asp 

MTX-2-carboxy-Phe 
MTX-3-carboxy-Tyr 
MTX-3-carboxy-Phe 



2-Iodophenylalanine 

1- Naphthylalanine 

2- Cyclopentylphenylalanine 

2- Cyclohexylphenylalanine 
3.Cyclobutylphenylalamne 

3- i-Butylphenylalanine 
a-Cyclopentylphenylalanme 

GW8i27 3-(3-n-Pentyl)phenylalanme 
Bulky aromatic prodrugs (tyrosine-based) 
aWl867 3,5-Diiodotyrosine 

- 2-Cyclopentyltyrosme 
3-Cyclobutyltyrosine 
3-f-Butyltyrosine 
S-Cyclopentyltyrosine 



GW4160 
GW1667 
GW250 
GW1442 
GW3352 
GW1834 
GW637 
GW827 



GW2159 
GW5798 
GW3335 
GW5755 



MTX-2-iodo-Phe 
MTX-naphthyl-Ala 
MTX-2-cyclopentyl-Phe 
MTX-2-cyclohexyl-Phe 
MTX-3-cyclobutyl-Phe 
MTX-3-i-butyl-Phe 
MTX-3-cyclopentyl-Phe 
MTX-3-n-pentyl-Phe 

MTX-3,5-diiodo-Tyr 

MTX-2-cyclopentyl-TyT 

MTX-3-cyclobutyl-Tyr 

MTX-3-i-butyl-Tyr 

MTX-3-cyclopentyl-Tyr 



««Kr«,ornse chain reaction approach (44). 
leader of this vector ^^"^l^^^^^^^i^Uher^ie a 1.2-kilobase pair 
PMP36HCPA1 was restricted ^AN^l M13mpl9HCPAl 

fraUnt that was '^^^^^ ^^^^J^/J the Ncol fragment within 
mutants. The correct "^fied and the DNAs were re- 

M13mpl9pro-hCPAl mutenU w^ J^nfi^^^ 1.2.kilobase pair cDNA 
stricted with HmdIII and Sail ^^^'^^^f This fragment was 

encoding the entire pro-hCPAl mutont^ ^^^^ 
Ugated into the HmdIII and S'^/ ^^^^^^^^ with BamHI, Sail. 

mutants. These DNAs were phenol extractions or 

and Sspl with intervening P""™^^^ manufacturer supplied pro- 
use of Promega Magic ^ini ^"J"'^' I", ^to^^^^ Pair band, contain- 
cedures. FoUowing Ssp I-s^ncUo^ ihe 2^^^^^^^^ P^ ^^^^ g^l- 
ing hCPAl mutant with the y*^* a tac ^.g^a fragment 

purified from overnight at 16 "C T^ 

was Ugated into the pBb^4.i s""; dH5o, and plas- 

vector (pBSHCPAl-mutant) ^.^^ ^£;°P^TX,ep Kit (Promeg^ 
mid DNA was isolated -^^^^^p'^SH^^^^^^ DNA was elec- 

Approximately 500-2°"" "SoiP pLMlOla S. cerevisiae. One 
trop^^ated into 40 ^1 °S|^,t3X^r electroporation to rescue 
ml of 1 M sorbitol was added '"^^^'l^t on dishes of yeast nitrogen 
the cells. 100-pl samples were pUt^ o^^ 30 „c for 2-3 days 

?«etrswt:p|i^^^^^^^^^ 

b:wtrdrr3aoXrffirgL^^^ 

Brunswick fermenter. 



W5755 3.uyciopent>ijo--— ___ ^™ 

^"T;^HrittS^idto^h^^ of MIX 

" All R-groups are L-amino acids attacnea u> 

via a standard peptide bond. 

Methods 

Synthesis ofUTX Prodrugs 

The synthesis of the MTX prodrugs shown in Table 
elsewhere (40). 

Mutagenesis of hCPAl ^00*1 WT cDNA (as a fusion 

' PMP36HCPA1 (31) Prbe?o\5 was restricted with Ncol 

Jh yeast a factor leader de^cnbed ^^^^^^^^ ^ ^ ^ 

and Sail to liberate « f 1-base pa^ the S-.end of the hCPAl cDNA. 

begins, at nucleotide ^^S'^^^^'^^lZ hCPAl.^ The CPAl Ncol- 
and encodes ammo acids 186-309 of ma ^^^^.^^ „f 

Soil fragment was hgated into ^f^J^"'^^ pHCPAlNS was re- 
pGEM5z«-) (^^"■"^ea) to generate pW^^^^^ 

Stricted with Sphl and Sail *j%SzR-) sequence. This SpW- 
and an additional nine ^^.^ P^^^^at^pSe Tec^^^ mO using 
Sail fragment was cloned "?to M^^P^ ^ M13mpl9HCPAl. 
its Sp/il and San cloning si^^^^^^^^ ^^.^^^ template for 

Single-stranded M13mpl9Mcrfti 1^ T7-GEN in vitro mu- 

oligonLleotide-dire^ed mutagenesis usmg the .T7 ^^^^^^.^ 

tagenesis kit (U.S. Bjochemica^ CorpX T^e ^^^^ ^^^.^^^ 

STr^?c.^:(K^^^^^^^^^ 

T268G.5'.gAgCTCgAA^gAAggA? ^^^^^ ^^^.d: 

- oligonucleotide pnmers, the fo''"*^^ g ^ of the mutogenued 
T268A, T268G. I255A, ""^J^S^^^^^ that only the desired DNA 
hCPAl cassettes was sequenced to verity ma 
mutations were produced. 
Fri,ression of hCPA Enzymes in Yeast 
T;iionofhCPAen.ymesinSo.J^^^^^^^^^^ 
formed according to Btrat.^°^G«-d^^^^^^^^ ^^^^^ 
^oSto^^eS3^v:cSrate^^tnframetothey^ 



Mutagenesis and Expression of hCPA2 The , 

Mutagenesis of hCPA2 was analogous to CPAld^^^^^^ ^^^^ ^ . 
following mutagenic oligon-^^^^^^ gCC AAA TgA . 

SrfeqS:^ ""^^^^^^^^ — 

^'t:tcPA2-A268G mutant was subcloned into pMP36. then into 
psf anf expressed in yeast (described above). 

„o...esse^^^^^^^^^^ 

The wild type and mutant hCPAl ana „f drophobic and 

Soectrophotometnc Enzymatic Assays 

'Cylatic activity was ^^^^^^ 
phenylalanine and h ppuryl-DL-phen^^^^^^^^ 

photometrically at 255 nm as '^esmbed^45^ i.^^phenyllactat 
0.5 mM hippuryl-L-phenyla anme or JjJ ^^/^^ ^ere initiated b 
in 25 mM Tris-HCl (pH ^-^UOO mM « .„ ^^sorbanc 

l?2f5^rat1rrEr^^^^^^ we^re determined from mi. 

the coupled assay described by Kuefner et ^ ^^^^ ^ 

carried out in 1 ml of 25 mM Tns-HCl (pH . ^^.^ „f earbaxyp< 

Buffer was added to the <="'^*^ ,"^°"|^e absorbance was determir 
tidase G; then prodrug was added and the ^ 

to calcula^the concentration, ^^^"^^ease in absorbance at 
known amf nt of CPA enzyme, and Ihe decreas ^^^ ^ 

nm was monitored. En^-^ l^r^-^X One of enzyme activit 
dSs-KIrSs'^fl^^olofsubstrate/minat. 



\Thermal Stability Studies . 

^ Lrmal inactivation of the e^^s ^ ^^^^^^^ 
metrically using the CPA assay ^-^^f^^^^, in Dulbecco's p 
were carried out by '"="^^f.|°,id temperature. Aliquots were : 
^plTatSuVt^^salfas^^^^^^^^^ 
StaUlity of Prodrugs in Pancreati^Jui^e _ 

T^is parameter was detennined b. ^J^^;l^X'^^^'^^ 
sin activated human PancreaUc ju The P ^^^^ ^.^^^^ 
MIX was determmed - aj— 
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Table II 



In vivo I 



Time 



Tissue 



Plasma 



30 min 



120 min 



% recovered as MTX-Phe** 31 

MTX-phe level, nmol/g* 17.8 

MTX level, nmoVg* 39.6 

% recovered as MTX-Phe* 3 

MTX-Phe level, nmoVg* 1.1 

MTX level, nmol/g* 35.7 



Liver 


Kidney 


Lg. int. 


Sm. intypanc." 


Spleen 


95 


100 


65 


17 


81 


335 


26.9 


19.3 


17.3 


19.9 


18 


0 


10.4 


84.5 


. ^■'^ 


8 


0 


22 


0 


' ' 0 


0.6 


0 


1.1 


0 


0 


7.1 


0 


3.9 


203 


1.4 



° Small intestine and pancreas were analyzed as one tissue due to the difficulty of surgically resolving them ,u ^- i 

^ EXlssufwas analyzed for MTX-phe and MTX. Percentage (%) recovered as MTX-phe - 100(MTX-Phe)/(MTX.Phe + MTX) for the particular 
tissue analyzed. Limit of detection = 0.5-1 nmol/g = 3 x background. 



prodrugs. The pancreatic juice was activated fresh for each experiment 
by trjTDsinization with 1 mg/ml trypsin for 10 min at 37 °C. (This high 
concentration of trypsin was required to overcome endogenous trypsin 
inhibitors.) This activated solution was used directly for stability tests 
of the prodrugs. Activated pancreatic juice was diluted 1:40 to 1:2000 
into 25 mM Tris-HCl, 100 mM NaCl, pH 7.5. Prodrug was then added to 
a final concentration of 50 ^lm. The solution was then incubated at 25 °C 
for up to 24 h. During this incubation period, aUquots were removed and 
analyzed by HPLC for prodrug and MTX. HPLC conditions were as 
follows. Chromatography was performed on a Waters C-18 Nova Pak 
column with a flow rate of 1 ml/min. Mobile phase conditions were a 
step gradient system composed of 0.1% trifluoroacetic acid in water 
{component A) or in acetonitrile (component B). For chromatography, 
the column was equilibrated with 82% A, 18% B. At 3 min, conditions 
were switched to 50:50 A:B. Then the column was reequilibrated start- 
ing at 7 min for another 10 min with 82:18 A:B. Under these conditions, 
MTX eluted at 4 min, and the prodrugs eluted at 6-8 min, depending 
upon hydrophobicity. Elution was monitored at 310 nm. No significant 
conversion of prodrug to MTX occurred when a suitable dilution of 
trypsin replaced activated pancreatic juice, indicating that conversion 
was due solely to materials contained in the pancreatic juice. 

In Vivo Stability of Prodrugs 

This parameter was measured as described elsewhere (42). Briefly, 
animals were dosed with prodrug intravenously. At specified times, 
plasma and tissues were collected and snap-frozen. The samples were 
then homogenized in 0.1 M HCl and extracted with a mix of 2 volumes 
of the HCl homogenate and 5 volumes of -20 acetonitrile. Then 
prodrug and MTX were measured by HPLC as described (42). ~ ~- 

Conjuga tion of Mutant hCPA to Antibody ING l or Campath-IH 

Enzyme Modification -The enzyme was modified at free amines with 
Sulfo-SMCC. This bifunctional reagent has both an ami ne-re active 
A/-hydroxysulfosuccinimide group and a thiol-reactive maleimide 
group. Since carboxypeptidase has no free thiols, the compound reacts 
with enzyme amines to place a maleimide on the enzyme for subsequent 
reaction/coupUng with free thiols on the antibody. 

Four mg of mutant or wild type carboxypeptidase A were combined 
with 0.15 mg of Sulfo-SMCC (Pierce) in 400 Atl of Dulbecco's phosphate- 
buffered saline. The resulting solution was stirred for 45 min at 25 °C. 
The modified enzyme then resolved from reagent through a 1 X 13-cm 
(i-25 medium column equilibrated with Dulbecco's phosphate-buffered 
saline. 

Maleimide Content of the Activated Enzyme - Maleimide content was 
determined as follows. A 0.5-ml aliquot of a 6.3 fiM solution of modified 
enzyme was mixed with 6 ^1 of 1 mM mercaptoethanolamine. The 
niixture was allowed to sit for 30 min to permit the enzyme-bound 
niaieimide to react with the mercaptoethanolamine. Then 20 yX of 4 
nig^ml Ellman's reagent was added to react with the remaining free 
mercaptoethanolamine. After another 20 min, absorbance at 412 nm 
was determined. The amount of enzyme-bound maleimide was inferred 
from the amount of mercaptoethanolamine that was consumed during 
reaction with the enzyme. Based upon a molar absorptivity of 13.6 
mM~\ the purified product was typically found to contain 1 maleimide/ 
enzyme molecule. The derivatization had no effect upon enzyme activity 
measured with hippurylphenylalanine. 

Antibody Modification -The antibody was modified with the amine- 
"'active reagent 2-iminothiolane (Traut*s Reagent; Pierce), which re- 



phate-buffered saline and 0.1 M triethanolamine-HCl, 2 mM EDTA, pH 
8.0, under anaerobic conditions. This was allowed to react with stirring 
for 1 h and 45 min. The modified antibody was purified through a 1 x 
13-cm G-25 medium column equilibrated with 0.02 M sodium acetate, 
0.1 M NaCl, pH 5.8, bubbled with and maintained under a helium 
atmosphere. 

Coupling of Antibody with Enzyme -The modified antibody was col- 
lected directly from the G-25 column into the solution of the modified 
carboxypeptidase A. The resulting mixtiu-e was then carefully adjusted 
to pH 7.4 with NaOH, made anaerobic by repeated gassing and^ 
evacuation, and allowed to react with stirring at 4 '^C for 18 h. Excess" 
free maleimide groups were removed by reacting the solution with 0.3 
mM mercaptoethanolamine at room temperature for 1 h, and the solu- 
tion was then concentrated to 1 ml. The resulting concentrated conju- 
gate was purified from aggregates, unreacted enzyme, and small mol- 
ecules by chromatography on Superose 12 HR 10/30. 

Cell Culture ADEPT Experiments 

IC50 values for drugs and prodrugs alone were determined as de- 
scribed previously (48). For ADEPT experiments, HT-29 cells were 
seeded at 7500 cells/well in 96-well plates containing 200 ^il of 95% 
RPMI 1640/5% human serum (human growth medium). The cells were 
allowed to grow for 24 h at 37 ''C. Then medium was removed, and 50 ti\ 
of conjugate composed of either ING-l-hCPAl-T268G or Campath- 
lH-hCPAl-T268G in fresh human growth medium was added to tripli- 
cate wells. Conjugate concentrations of 0, 2, 10, and 50 pig/ml were used. 
After 1 h at 37 °C in a 5% CO2 incubator, conjugate was removed, and 
the plates were washed three times with fresh human growth medium 
without conjugate. Finally, prodrugs at 0, 0.01, 0.03, 0.1, 0.3, 1, 3, and 
30 /mM were added in 200 /il of fresh human growth medium, and cells 
were allowed to grow for 72 h. The plates were then stained with 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium to assay for pro- 
liferation as described (48). MTX was included in separate wells in all 
experiments as an internal control for IC50 reproducibility. 

RESULTS 

Lack of in Vivo Stability of MTX-Phe -YiUAs et al. (21) re- 
ported that MTX-Phe is a good substrate for bovine CPA. Only 
one pancreatic CPA isozyme has been found in this species; 
however, in rodents and^jumans two isozymes exist. We re- 
ported previously that thf compound is a good substrate for 
both human isozymes, hCI%l and hCPA2 (31). Thus, an hCPA- 
antibody conjugate should effectively hydrolyze MTX-Phe for 
human enzyme-based ADEPT as had been shown previously 
for a bovine Cl^-antibody conjugate (21). 

For ADEPT, It is desirable that the active agent (MTX) is 
generated selectively at the site of the tumor by the action of a 
targeted enzyme (CPA). Therefore, the prodrugs used must not 
be converted to the active agent systemically by the host. The 
in vivo conversion of MTX-Phe to MTX was tested in mice after 
intravenous administration. After administration of 50 mg/kg 
prodrug, animals were killed at 0.5 and 2 h, and tissues and 
blood plasma were collected and analyzed for both MTX-Phe 
and MTX. Table II shows the results of this experiment, where 
thp data are nresented as the percentage of sample found as 
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Table in 

Comparison of rate of prodrug pancreatic juice hydrolysis with CPA enzyme kinetics 



Compound 



Pancreatic juice 
(% ofMTX-Phe 
hydrolysis rate) 



hCPAl" 



hCPA2° 



MTX-Phe 100 
Negatively charged prodrugs 

MTX-Glu 0.12 

MTX-Asp 0.06 

MTX-2-carboxy-Phe 0 

MTX-3-carboxy-Tyr 0.008 

MTX-3-carboxy-Phe 0.27 
Bulky aromatic prodrugs (phenylalanine based) 

MTX-2-iodo-Phe ND 

MTX-naphthyl-Ala 67 

MTX-2-cyclopentyl-Phe 0.17 

MTX-2-cyclohexyl-Phe 0.0067 

MTX-3-cyclobutyl-Phe 0.053 

MTX-3-f-butyl-Phe 0.02 

MTX-3-cyclopentyl-Phe 0.004 

MTX-3-n-pentyl-Phe 0 
Bulky aromatic prodrugs (tyrosine-based) 

MTX-3.5-diiodo-Tyr 0.093 

MTX-2-cyclopentyl-Tyr 0. 14 

MTX-3-cyclobutyl-Tyr 0.0067 

MTX-3-^butyl-Tyr 0.0013 

MTX-3-cyclopentyl-Tyr 0.002 



^xmol I min f mg 
3.24 

0.094 
0.063 
0.003 
0.009 
0.08 

3.42 

0.16 

0.021 

0 

0 

0 

0 

0 

0 

0.43 
0 
0 
0 



mu 
0.0043 

0.1 
0.5 
0.7 
0.5 
30 

0.017 
0.065 
0.06 
ND 
ND 
ND 
ND 
ND 

ND 
0.4 
ND 
ND 
ND 



Hm(s) 
440,000 

170 
80 
3 
10 
1550 

120,000 
1400 
200 
0 
0 
0 
0 
0 

0 

575 
0 
0 
0 



iimol/min/mg 
8.06 

0 
0 

<0.0005@50 ixM 
0.01 
0.63 

36 
36.9 

0.11 

0 

0.086 
0.04 
0.012 
0 

0.31 

1 

0 

0 

0 



. 0.056 

ND* 
ND 
ND 
0.2 
120 

0.05 

0.016 

0.081 

ND 

0.2 

0.3 

0.3 

ND 

0.3 
0.6 
ND 
ND 
ND 



II Mis) 

90,000 

0 
0 
ND 
40 
3100 

420,000 
1,400,000 
770 
0 

260 
80 
25 
0 

610 
910 
0 
0 
0 



Limit of detection for V, was 0.0006 ^imol/min/mg for hCPAl and 0.002 ^mol/min/mg for hCPA2. Assuming a K, 
^ detection = 5 and 20/(m)(s), respectively. 
^ ND, not determined. 



, of ^50 yM, the limit ofk^JK„ 



of the largest accumulation of prodrug at 30 min (335 nmol/g, 
and 95% of the sample found in the liver was prodrug); how- 
ever, by 2 h, MTX predominated in this tissue as well (0.6 
nmol/g and 8% prodrug). The site of most rapid accumulation of 
MTX was the small intestine and pancreas, which was found to 
to have 84.5 nmoVg UTK and 17.3 nmol/g MTX-Phe at 30 min. 
By 2 h, MTX levels in this tissue were 203 nmol/g, and prodrug 
was not detectable. Overall the data show that MTX-Phe was 
rapidly converted to MTX in the mice, and significant amounts 
of the generated MTX were then observed in circulation. This 
rapid systemic generation of large amounts of MTX appeared to 
us to make MTX-Phe unsuitable for ADEPT. 

In Vitro Stability of MTX-Phe in Human Pancreatic 
Juice— To overcome the in vivo metabolism problem, the source 
of MTX-Phe metabolism was investigated. In vitro tissue me- 
tabolism experiments showed that the compound was stable in 
plasma and only slowly metabolized in Ref. 42. We reasoned 
that other potential sources of this metabolism are the pancre- 
atic CPAs that are secreted into the small intestine. This rea- 
soning is consistent with the large MTX accumulation we ob- 
served in the small intestine and pancreas (Table II). These 
pancreatic enzymes enter the small intestine through the du- 
odenum in the solution known as pancreatic juice. The material 
can be obtained from patients with pancreatic fistulae and used 
as a source of the human enzymes; indeed, human CPA was 
originally purified from this source (33). We used this material 
intact as a source of all pancreatic enzymes secreted into the 
small intestine to predict the stability of MTX-Phe in the small 
intestine. MTX-Phe was rapidly hydrolyzed to MTX by this 
material. A 1:100 dilution of pancreatic juice, hydrolyzed 50% 
of 50 MM MTX-Phe in 17 min at 25 °C. MTX-Phe is not a good 
substrate for trypsin, chymotrypsin, or carboxypeptidase B, 
and since it is a good substrate for both hCPAl and hCPA2 (31), 



MTX-Phe. The comparison was then used as the primary test of 
new prodrugs designed and synthesized in the current program 
to be more stable in vivo (Table III). The results from the 
stability in pancreatic juice were then confirmed with subse- 
quent in vivo experiments (42). 

Design and Testing of MTX Prodrugs Predicted to Be Stable 
in Vivo -The active site model of hCPAl was generated as 
described elsewhere (40) from the crystal structure of bovine 
CPA (32) using the Composer modeling program. This model is 

shown in Figs. 1 and 2A. The hCPA2 model is similar. The 
exceptions to this are a Gly in place of Ser at 253, Ser in place 
of Thr at 254, and an Ala in place of Thr at residue 268 (31). 
These substitutions participate to make a larger binding pocket 
in hCPA2 compared vnth hCPAl and are presumably respon- 
sible for the hydrolysis of bulkier substrates by hCPA2 versus 
hCPAl as has been reported for both the murine and human 
enzymes (31, 37). 

The models of hCPAl and hCPA2 were used to design MTX 
prodrugs that Vould not be substrates for either enz>Tne. Suit- 
ability of the ifesigned and synthesized prodrugs for ADEPT 
was assessed b>. assaying them with WT hCPAl and hCPA2 
ar^ testing their stability in pancreatic juice (and in mice; Ref. 
42). Three general types of structural modification were ex- 
plored for enhancement of prodrug stability. These included (a) 
the iiitroduction of a negative charge to the prodrug amino acid 
moiety, (6) the addition of bulk to Phe- or Tyr-based prodrugs, 
and (c) the addition of both a charge and bulk. 

Fig. 2 shows that the active sites of hCPAl and hCPA2 are 
highly hydrophobic. Therefore, MTX-Glu, MTX-Asp, MTX-2- 
carboxy-Phe, MTX-3-carboxy-Phe, and MTX-3-carboxy-Tyr 
were produced. All of these compounds would introduce a neg^ 
atively charged carboxyl group into the hydrophobic pocket and 
as such were not expected to be good hCPA substrates. The 
activities of these compounds with hCPAs and their relative 
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Fig 1 Representation of the human carboxypeptidase Al 
binding pocket with slow substrate glycyltyrosine docked into 
the hydrophobic aromatic ring binding region. The substrate is 
color-coded as follows. Gray, carbon atoms; red, oxygen atoms; blue, 
nitrogen atoms; white, hydrogen atoms. Residues close to the substrate 
binding pocket are displayed without hydrogens and colored to match 
the following scheme. Yellow, Ala. He, Leu, Val; blue Arg, Lys;p urp/e 
Asn, Gin; red, Asp, G\u; green, Cys, Met, Ser, Thr; white, Gly, Pro; light 
blue, His; gray, Phe, Trp, Tyr. 

MTX-Phe. The greatest pancreatic juice stability and poorest 
enzyme activity was found with the 2.carboxy-Phe and S-car- 
boxy-Tyr prodrugs, which introduce both bulk and a negative 
charge into the prodrug. Surprising, MTX-3-carboxy-Phe was a 
much better substrate than either MTX-2-carboxy-Phe or 
MTX-3-carboxy-Tyr and consequently far less stable in pancre- 
atic juice. The reasons for this are not clear but may represent 
an ability of the 3-carboxy-Phe substituent to access the para- 
hydroxyl binding site of tyrosine-based substrates. 

Fig. 2A shows that Thr^^® of hCPAl closely abuts the 2- or 
3-hydrogen of the glycyl-Tyr slow substrate bound in this 
model. Ala^®^ of hCPA2 provides more space. This size restnc_.„^ 
tion was used to design' bulky prodrugs that were not expected 
to be either hCPAl or hCPA2 substrates. This was accom- 
plished by adding hydrocarbon substituents to the 2- or 3-po- 
sitions of Phe or Tyr. The prodrugs produced, along with their 
enzyme activities and pancreatic juice stabiHties are shown in 
Table III. Bulky substituents were very effective in decreasing 
the activity of the prodrugs toward hCPAl, hCPA2, and pan- 
creatic juice hydrolysis. As predicted from our model and from 
previous work (31, 37), bulky prodrugs were in general poorer 
substrates for hCPAl than hCPA2. Both Phe- and Tyr-based 
prodrugs were made with 2-cyclopentyl, 3-cyclobutyl, 3-/-butyl, 
and 3-cyclopentyl substituents. The data indicate that (when 
the activities were measurable, non-zero) k^JK^ for both 
hCPAl and hCPA2 and relative pancreatic juice hydrolysis 
followed the order 2-cyclopentyl > 3-cyclobutyl > 3-f-butyl » 
3-cyclopentyl for both the Phe and Tyr prodrugs. ^ 

The activities of both hCPAl and hCPA2 contributed to the 
pancreatic juice hydrolysis rate; therefore, pancreatic juice sta- 
bility required that a prodrug be stable toward both hCPAs. 
This can be seen for example with MTX-Phe, MTX-naphthyl- 
Ala, MTX-2-cyclopentyl-Phe, MTX-3-cyclopentyl-Phe, and 
MTK-3-cyclopentyl-Tyr, which had decreasing total hCPAl 
plus hCPA2 activity and increasing pancreatic juice stability. 

^ca/^m values for MTX-Phe with hCPAl and hCPA2, 
respectively, were 440,000 M"^ and 90,000 M ^ The 




Fig 2 Active site models of WT hCPAl and mutants hCPAl- 
T268G and hCPAl-I255H generated from the crystal structure of 
bovine CPA <32) using the Composer modeling program (40). 

Color coding is the same as in Fig. 1; hydrogen atoms are not shown. A, 
color-coded surface model of hydrophobic bindmg pocket of wild type 
hCPAl with glycyltyroane docked and shown as a stick ffure_ B 
color-coded surface mod^ of the hydrophobic bmding pocket of hLFAl- 
T268G with glycyl 3-cycft^pentyltyrosine docked. The i^/ii^c region to- 
ward the d^^clopentyl group is the T268G. C. color-coded surface model 
Tf hydrophobic binding pocket of hCPAM255H -ith glycyl 2-carbo>^. 
tyrosine docked. The imidazole ring of I255H visible m the back of the 
pocket formfa a salt bridge with the carboxyl group of the candidate 
substrate moael. 

naphthyl-Ala being nearly as unstable in pancreatic juice as 
MTX-Phe. The KJK^ for MTX.2-cyclopentyl.Phe with hCPAl 
was 200 s-\ and for hCPA2 it was 770 m ^ s" , which 
resulted in a pancreatic juice hydrolysis rate of 0.17% of MTX- 
Phe The KJK^ of MTX.3-cyclopentyl.Phe ^^th hCPAl was 
not measurable, and with hCPA2 it was 25 M ' s \ resulting 
in a pancreatic juice hydrolysis rate of 0.004% of MTX.Phe 
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Table IV 

Thermal stability of WT and mutant hCPAs 



Sample 



4°C 



WT hCPAl Long^ 

hCPAl-T268A Long 

hCPAl-T268G Long 

hCPAl-I255A Long 
hCPAl-I255A/T268A Long 

WT hCPA2 Long 

hCPA2-A268G Long 



25 


37 "C 


so-c 


h 






>170'' 


140 


0.77 


>170** 


>96'' 


0.93 


80 


24 


0.17 


8 


1 




8 


1 




>170*' 


>170'' 


8.75 


>110^ 


140 


, 5.1 



Table V 

Specific activity ofWTand mutant hCPAs with hippuryl-Phe and 
hippuryl-Phe lactate 

Assay conditions were as follows: 0.5 ««« '-"WPP"'^].-^*;'* ^ 
DL^ippuryl-Phe lactate, at 25 »C in 25 mM Tns-HCl, 100 mM NaCl, pH 

7.4. '__ ^ ^ 



Enzyme 



Specific acitvity 



" ° At 4 "C all the mutante were stable for at least 2 months. In 
addH on both WT enzymes, the 268G mutants, and the T268A mutant 
have been stored at thUtemperature for 2 years with httle or no loss^ 
" Less than 10% decrease in activity of the enzyme over the stated 
time period. 

MTX-Phe As shown elsewhere (42), compounds with pancreatic 
juice hydrolysis rates in the range of 0.01% of MTX-Phe or less 
had excellent in vivo stabiUty. , , „ j- , ^ , p/K 

Design and Testing of Mutants of hCPA Predicted to Effi- 
ciently Hydrolyze Prodrugs That Are Stable in Vivo- Onr nex^ 
goal was to utilize our structural models of hCPAl and hC?A2 
:i model mutant hCPAs into which the "stable prodmgs could 
be docked. Fig. 2. B and C. shows models of two such mutants 
of hCPAl, I255H and T268G. The former was designed to 
introduce a positive charge into the active site to bind the 
carboxyl-containing prodrugs. The latter was designed to pro- 
duce an active site that would bind f^'^^tf^f ^"^^^^^^^ 
■ substituted at the 2- or 3-position. I255K and I255HAr268G 
were also designed for the charged prodrugs, and T268A, 
I255A and I255A/T268A were filso designed to accept bulk. 
The A268G mutant of hCPA2 was also predicted and made for 
the bulky prodrugs. Expression and isolation of the hLfAi 
mutants T268A, T268G, I255A, and T268AA255A and the 
hCPA2 mutant A268G were accomplished using the yeast ex- 
pression system described under "Experimental Procedures. 
All of these mutants were synthesized and secreted by the 
yeast as catalytically active enzymes. Unfortunately, no hOPA 
protein or enzymatic activity could be found in yeast expressmg 
I255K I255H, or I255ILT268G. Presumably, these three pro- 
teins misfolded and were degraded prior to secretion. 

Enzyme Stability -Seyeral of the WT and mutant enzymes 
were characterized for their stability in phosphate-buffered 
saline at 4, 25, 37, and 60 'C. The results from these experi- 
ments are shown in Table IV. All enzymes are quite stable at 
4 "C The I255A mutants were the least stable, since they 
exhibited half-lives of 8 h at 25 °C while all other mutants were 
stable for several days at this temperature. At 37 C, W i 
hCPAs as well as hc/Al-T268A and hCPA2.A268G lost htt e 
activity after 2 days, and while hCPAl-T268G less s able 

- it also had a half-life of 24 h. At 50 °C. differential stabilities 
were clearer At this temperature, the order of stability was WT 
JcSS > TCPA2-A268G > hCPAl.T268A > WT hCPAl > 
hCPAl-T268G. In summary, these data show that the mutants 
of hCPA are active and stable. , 

Enzyme Kinetics -SpeciRc activities of these enzymes with 
the model substrates hippuryl-Phe and hippuryl-Phe lactate 
are shown in Table V. As can be seen, all of these enzymes 

- hydrolyzed these substrates efficientiy. Interestingly, Wl 



WT hCPAl 
hCPAl-T268A 
hCPAl-T268G 
hCPAl-I255A 
hCPAl-I255A/T268A 
■ WT hCPA2 
hCPA2-A268G 
Bovine CPA 
Rat CPAl 



Hippuryl-Phe 


Hippuryl-Phe lactate 


ymoll 


min / mg 


7.2 


790 


7.4 


160 


20 


60 


8 


350 


12 


50 


8.7 


2800 


4.9 


1900 


24.1 


310 


11 


560 



(I255H I255K, and I255IVr268G) could not be isolated The 
hCPA mutants designed for the bulky hydrophobic prodrugs 
were not expected to efficiently hydrolyze charged Prodrugs. 
However, mutation of hCPAl to T268G produced a 5-fold en- 
hancement in KJK^ for the hydrolysis of MTX-3-carboxy-Phe, 
a 50-fold enhancement in the k^^K„ for hydrolysis of MTX-3- 
carboxv-Tvr and a 250-fold enhancement m the k^JK-m w"]^ 
hydrolysis of MTX-2-carboxy-Phe. The A268G mutation of 
hCPA2 was without effect on any of the charged prodrugs 
measured. The mutation of hCPAl to T268A produced a mod- 
est enhancement in the hydrolysis of two of these prodrugs 
intermediate between the WT and T268G rates. These rate 
enhancements are likely due to the additional tolerance in the 
T268G and T268A active sites for bulk at the 2- and 3-position8 
of the substrate aromatic ring (as described below). The en- 
hancements by hCPAl-T268G are probably inadequate for AI> 
.EFT, however, since the absolute KJK,„ values for these_re- 
actions'were all quite small compared with that for hCPAl 
with MTX-Phe (approximately 1000-fold less). 

Bulky Aromatic Prodrugs -Table VII shows the activi^ of 
the hCPA mutants with the bulky hydrophobic prodrugs from 
Table I The 268G mutants were designed to remove unlavor- 
able interaction between the enzyme and 2- or 3-substatuted 
MTX-Phe or MTX-Tyr, allowing their efficient binding and 
hydrolysis. As shown in Table VII, this goal ^^^^ realized; Ae 
mutant hCPAl-T268G proved to efficientiy hydrolyze a variety 
of substratesvwith bulky 2- or 3-position substituents (*e./*m 
> 100 000 s-'). In contrast, the T268A mutant is a much 
noorer enzymLwith all of these substrates. Thus, the minima^ 
SplacemeJo? methyl with hydrogen at residue 268 produced 
dramatic rate enhancements. The hCPA2-A268G -"tant dso 
provided dramatic rate enhancements for some Prodrugs, how 
ev3k k JK^ for the mutant with none of the stable prodrugs 
pancrelticluice hydrolysis rate ^0.01% of MTX-Phe exlub- 
iL KJK^ approaching 100,000 m^^s-. ThereforM^^^^^^^ 



as 



efficient as hCPAl-T268G with 



zyme was not 

TnTtt active site of the WT hCPA2 has Ala at position 
268, the activity of the hCPAl-T268A mutant was expect^ ^ 
parallel that of WT hCPA2. Data in Tables VI and VII demon 
strate that this was observed, since the activity of hCi-A 
T268A followed that of WT hCPA2 for most prodrugs assaye 
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Compound 



Kinetics of charge d prodrugs with hCPAl-T268G. hCPAl.T268A, and hCPA2-A268G 

hCPAl-T268A 



hCPAl-T268G 



hCPA2-A268G 



'it' 



MTX-Glu 
MTX-ASP 

MTX-2-carboxy-Phe 
MTX-3-carboxy-Tyr 
MTX-3-carboxy-Phe 



fimoU 
min I mg 
0.012 
0.024 
0.1 
0.06 
0.87 



mu 1/m(s) 



0.06 
0.25 
0.09 
0.07 
0.07 



120 
60 
670 
500 
7200 



0.7 
0.75 
250 
50 
4.6 



^unoU 
minlmg 

mr 

ND 
0.007 
0.01 
0.11 



mM 11m(s) 



ND 
ND 
0.06 
0.1 



ND 
ND 
60 
60 



0.05 1300 



ND 
ND 
20 
6 

0.8 



minlmg 
0 

0.12 
<0.002@50 /iM 
0.02 
1.1 



ND 

0.9 
ND 
0.2 
0.25 



ND 
76 

70 
2500 



ND 
2 

0.8 



« ND, not determined. Detection limits are as in Table III. 



Table VTI 

Kinetics of bulky aromatic prodrugs with hCPAl.T268G. hCPAl.T268A. and hCPA2.A268G 



hCPAl-T268G 



hCPAl-T268A 



hCPA2-A268G 



Compound 



Y 



yjnoll 
minlmg 

Phenylalanine-based compounds 
MTX-Phe 3.74 
MTX-2-iodo-Phe 13.7 
MTX-naphthyl-Ala 1.15 
MTX-2-cyclopentyl-Phe 4.25 
MTX-2-cyclohexyl-Phe 0.094 
MTX-3-cyclobutyl-Phe 5.2 
MTX-3-f-butyl-Phe 1.3 
MTX-3-cyclopentyl-Phe 2.35 
KITX-3-n-pentyl-Phe 0.18 
Tyrosine-based compounds 
MTX-3,5-diiodo-Tyr 
MTX-2-cyclopentyl-Tyr 
MTX-3-cyclobutyl-Tyr 
MTX-3-^-butyl-Tyr 
MTX-3-cyclopentyl-Tyr 



mM 



1Im(s) 



yjnoll 
minlmg 



II Mis) 



2.73 
1.82 
5 

0.2 
5.04 



0.0003 

0.0004 

0.0005 

0.016 

0.08 

0.002 

0.002 

0.015 

0.008 

0.033 
0.026 
0.012 
0.001 
0.019 



7,350,000 
2.7E+07 
1,400,000 
160,000 
700 
1,800,000 
380,000 
92,000 
14,000 

53,000 
41,000 
280,000 
110,000 
160,000 



17 
230 
1,000 
790 
>100*' 
>400,000*' 
>80,000* 
>20,000'' 
>3,000'' 

> 10,000 
70 

>60,000* 
>20,000*' 
>30,000^ 



3.46 

7.56 0.009 

10.8 0.01 

0.15 0.06 

0.009 0.06 

0.21 0.16 
0 ND 

0.002 0.03 
0 ND 

ND ND 
ND ND 
0.036 0.05 
ND ND 
0 ND 



0.0009 2,250,000 
480,000 
640,000 



1,600 
100 
750 
ND 

30 

ND 



ND 
ND 



450 



ND 
ND 



5.1 
4.1 
460 
8 

>5^ 
>40'' 
ND 

ND 

ND 
ND 

>20'' 
ND 
ND 



fwioll 
minlmg 

3.1 
ND" 
21.5 
2.6 
0.3 
0.163 
0.1 
0.02 
0 

2.7 

3.6 

0.017 

0.049 

0.023 



0,045 

ND 
0.002 
0.008 
0.19 
0.047 
0.022 
0.013 

ND 

0.0001 
0.008 
0.002 
0.003 
0.002 



1Im(s) 



' 41,000 
ND 
5,500.000 
190.000 
900 
2100 
2700 
1000 
ND 

520i000 
260,000 
5200 
9000 
7000 



0.45 
ND 
4 

250 
>50'' 
8 

34 

40 

ND 

850 

280 
>300'' 
>400'' 
>400'' 



" ND = not determined. Detection limits are as in Table III. 
See Table III, footnote a. . . . 



ofI255AyT268A was similar to that of T268A. This suggests 
that position 255 has Uttle impact on substrate specificity in 
this class of aromatic substrates. 

Overall the most useful mutant was hCPAl-T268G. since it 
was able to efficiently metabolize several of the bulky, stable 
MTX prodrugs. The most useful substrates for the enzyme, 
based upon large KJK^ for the mutant and good pancreatic 
juice stability, were MTX-S-e-butyl-Phe, MTX-3-cyclobutyl- 
Phe, MTX.3-cyclopentyl-Phe, MTX-3-cyclopentyl-Tyr, and 
MTX-3-cyclobutyl-Tyr. All were approximately 4000-fold or 
more stable in pancreatic juice than MTX-Phe, and all were 
hydrolyzed (at 25 °C) with second order rate constants of or 
greater than 10^ M*^ s"^ 

Conjugation of Mutant hCPAl'T268G to an Antibody -To 
test the utility of the enzyme prodrug combination for ADEPT, 
hCPAl.T268G was conjugated to two antibodies. ING-1 binds 
to Epcam, a molecule expressed on a variety of epithelial cell 
tumors (46), Campath-lH binds to CDw52, which is expressed 
on a variety of T and B cells but not on most epithelial cells or 
tumors (30, 47). To couple hCPAl-T268G to these antibodies, a 
maleimide was placed on the enzyme with Sulfo-SMCC; this 
process had no eff'ect on enzyme activity. A free thiol was then 
placed on the antibody with 2-iminothiolane. The hCPAl- 
T268G-antibody conjugate was then generated upon combina- 



"* ~* Table VIII 
Enzyme activity and antigen binding affinity for conjugates 



Conjugate 



Specific activity" 



Percentage 
bound to Krf 
antigen 



ING-lhCPAl-T268G 
C-lH-hCPAl-T268G 



pjnol I minlmg 
total protein 
4.2 
3.8 



funol I minlmg 
hCPAl' 
22.2 
20 



% 

85 
74 



0.4 
2.2 



HT-29 cells. For C-lH coiyt^ate. binding was performed with formal- 
'^'grSlJ:!; 1 n>ol of CPA/mol of antibody. 

activity of coWates toward hippuryl-Phe. Based upon the 
enzyme activitlr measured in this way, 1-1.5 mol of hCPAl- 
T268G appeared to be routinely associated with each mol of 
antibody. Table VIII also shows the percentage of the enzyme 
activity that bound to the relevant antigen along^;^* ttie 
binding afRnity as determined according to Lmdmo (49). Both 
antibody conjugates expressed enzyme activity and bound to 
antigen. The percentage of conjugate that bound to antigen 
was 75-85%, and the values are in agreement with liter- 
ature indicating that the antigen combining region of the an- 
^^'inr'v was not adversely effected by the conjugation process 



15812 



T268G Mutant ofhCPAl Hydrolyzes Novel MTX Prodrugs 

A MTX-phe B MTX-3-cyclobutyl-phe 





0.01 



dose OiM) 



dose (jiM) 



C MTX-3-cyclopentyl-tyr 




0.01 



dose (^M) 



Fig. 3. Use of the antibodyenzyme coiyugate ING-l hCPAl-T268G in a cell culture model of ADEPT. HT-29 cells were gro^^^ in 95% 
RPMI 1640, 5% human serum. Then 50 ^il of conjugate ING-l*hCPAl-T268G in fresh human growth medium was added to triplicate wells. 
Conjugate concentrations of 0 (filled circles), 2 (filled triangles), 10 (filled diamonds), and 50 (filled squares) /xg/ml were used. After 1 h at 37 C 
in a 5% CO, incubator, conjugate was removed, and the plates were washed three tirhes with growth medium without conjugate. ^"Jf ">'-P^odrug 
at 0 0 01 0 03 0 1 0.3, 1, 3, and 30 fiu was added in 200 /il of fresh human growth medium, and cells were allowed to grow for 72 K Prodrug 
used were as follows. A, MTX-Phe; B, MTX-3-cyclobutyl-Phe; C, MTX-3-cyclopentyl-Tyr. In control experiments (open squares), MTX replaced 
conjugate plus prodrug. 



component in fetal bovine serum was a competitive inhibitor of 
hCPAl and hCPAl-T268G. This inhibitor greatly decreased 
the efficacy of both enzymes, resulting in the requirement for 
high concentrations of conjugate to produce an in vitro ADEPT 
response. Human serum also inhibited the enzymes, but the 
inhibition was less severe and most closely fit an uncompetitive 
kinetic model (data not shown). Since ADEPT was to be tar- 
geted to humans, the human serum conditions were considered 
the more relevant. 

HT-29 cells, which were found to express Epcam but not 
significant amounts of CDw52, were seeded and allowed to 
adhere for 24 h. The cells on the plate were then incubated at 
37 ''C for 1 h with 0, 2, 10, or 50 ^ig/m\ conjugate consisting of 
hCPAl-T268G coupled to either ING-1 or Campath-IH. Cells 
were then washed free of unbound antibody and allowed to 
grow for 72 h in the presence of varying concentrations of 
MTX-Phe, MTX-3-cyclobutyl-Phe, or MTX-3-cyclopentyl-Tyr. 
The results of these experiments are shown in Figs. 3 and 4 for 
the ING-1 and Campath-lH conjugates, respectively. The IC50 
for MTX in these cells under these conditions was 10 nM. In the 
absence of conjugate, all three prodrugs were considerably less 
toxic than MTX. The stable prodrugs, MTX-3-cyclobutyl-Phe 
and MTX-3-cyclopentyl-Tyr, were 800 times less toxic than 
MTX (IC50 values for the two prodrugs were 8.5 and 7,8 ^M, 
respectively). MTX-Phe was 200 times less toxic than MTX 
under these conditions. 

When the cells were preincubated with the Epcam-specific 
conjugate ING-l*hCPAl-T268G, as expected all three prodrugs 



T268G mutant enzyme with these prodrugs shown in Table 
VIL'At 10 and 50 /xg/ml conjugate, the IC50 values for all three 
prodrugs approached that of MTX itself, indicating excellent 
conversion of all three prodrugs to the drug at these conjugate 
doses. 

In contrast, when the cells were preincubated with the con- 
trol conjugate Campath-lH-hCPAl-T268G, the IC50 values did 
not change with increasing conjugate. Thus, in the presence of 
50 fig/m\ Campath.lH'hCPAl-T268G conjugate, IC50 values 
for the three prodrugs were 2.5, 13, and 15 fxM, respectively, not 
different from the prodrugs in the absence of conjugate. There- 
fore, activity of the ING-l-hCPAl-T268G conjugate was immu- 
nospecific. In summary, the data demonstrate that an immune 
specific conjugal^ of the hCPA mutant hCPAl-T268G, can con- 
vert in vivo st8h\e MTX prodrugs to MTX in a cell culture 
AE^PT experiment. - 

DISCUSSION 

Ari^PT has the potential to greatly enhance the tumor se- 
lectivSy of cancer chemotherapy by generating a means for 
tumor-specific synthesis of chemotherapeutic or other toxic 
agents. This is accomplished through staged, systemic delivery 
of components that localize to tumor sites and selectively gen- 
erate active drug(s) at the tumor (2-7), System requirements 
for a successful ADEPT strategy include (a) a prodrug that is 
not activated to drug in vivo by host endogenous enzymes, io) 
an enzyme capable of producing the drug from the prodrug at a 
rate sufficient to produce toxic levels of the drug at the specific 
^-r^ fr) 9"f'hodv capable of tareetin? and loralizinerthe 
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dose (jiM) 



dose (^M) 



C MTX-3-cyclopentyl-tyr 



1 




0.01 



dose (^M) 



were as in Fig. 3 except that Campath.lH*hCPAl-T268G replaced ING-l-hCPAl-T268G. 



human and E. coli ^-glucuronidase, bovine alkaline phospha- 
tase, and others (2-29). 

To permit repeat dosing with the ADEPT, an additional 
parameter is needed., A mechanism to decrease imniune re; 
sponse to the ADEPT^system is desirable. This goal . is being 
approached by use of immune suppressing agents (5, 28) and, 
in one example, the use of a human enzyme (24). The latter 
system makes use of /3-glucuronidase and takes advantage of 
the intralysosomal location of ^-glucuronidase in mammalian 
cells by utilizing prodrugs with poor lysosomal access (24). 
Unfortunately, the enzyme is most active at acidic pH values 
not normal in the extracellular environment, decreasing the 
effectiveness of the extracellular targeted enzyme. 

In an attempt to increase the repertoire of human enzymes 
available to ADEPT, we have investigated the potential utility 
of human CPAl and CPA2. Heunnekens and colleagues (19- 
21) have suggested the use of bovine CPA along with amino 
acid prodrugs of MTX. Our initial experiments investigated the 
utility of this system directly. For this, we synthesized MTX- 
Phe and tested its substrate activity with the human CPAl and 
CPA2. As reported for the bovine CPA, MTX-Phe is a good 
hCPAl substrate and a fair hCPA2 substrate (21, 31). We also 
confirmed that the prodrug was stable in fetal bovine serum- 
and human serum-based growth media and was approximately 
200 times less toxic than MTX in cell culture. However, MTX- 
Hie proved to be unstable in vivo, rapidly generating circulat- 
ing and intestinal MTX. Indeed, even MTX-naphthyl-Ala, 
which is a poor hCPAl substrate but is readily cleaved by 



Design of Prodrugs That Are Not Hydrolyzed by WT hCPA 
and Are Hydrolyzed by Mutant hCPAs 

Charged Prodrugs -V^eW known mammalian CPAs exist 
- with substrate^specificities for hydrophobic aromatic/aliphatic 
amino acids (tho"se of the CPA class) and for basic amino acids 
(those of the carboxypeptidase B class). How^vevtooia^ 
edge, mammalian carboxypeptidasesjhaljffi^ 
admrC^tgrnitTiaramino acId£javejiot_been reported. Thus, 
onTof our first s[ttempts to produce stable prodrugs was to 
produce natural and novel acidic amino acid a-peptides of 
MTX Indeed, the prodrugs were considerably more stable in 
human pancreatic juice than MTX-Phe; MTX-2-carboxy.Phe 
and MTX-3-carboxy-Tyr, made for this purpose, were among 
the most stable proftljrugs produced in our program. 

To accommodate ^ese negatively charged prodrugs m the 
hCPA bkrdrophobic biding pocket, Ile^^^ or Thr^^^ were mu- 
tated to\ys or His. However, we were unable to isolate these 
proteins from our yeast expression system. Presumably, the 
charged fcoiety in the hydrophobic environment prevented 
folding or\ctive site alignment. Our inability to observe any , 
protein from these mutants suggests that the three-dimen- 
sional structure was severely distorted. 

One hCPA mutant did show some activity with the nega- 
tively charged aromatic prodrugs. The KJK^ values for MTX- 
3-carboxy-Tyr and MTX-2-carboxy-Phe with hCPAl.T268G are 
50- and 200-fold greater, respectively, than with WT hCPA. 
These two prodrugs are unique among the MTX prodrugs re- 
ported here in that they carry a negative charge and are bulk- 
f>,an fhpir resoective Phe or Tyr parent. Thus, the rate 
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pp— fly?^^^^^^^^ Since this is lOOO-fold poo^r 
than WT hCPAl v«th MTX-Phe. this enzyme/prodmg combi- 
nationwas not considered adequate for ADEPT, and improve- 

'"SjT-TJ^^e width of the phenyl ring b«.d^^^^^ 
pocket in hCPAl is minimally defined on one side of the nng by 
tS'« Fig. 2). The side chain for this amino acid is within 3^5 
A i the o'rtho- and meta-positions of modf jnhibito^^^ 
acetvl-Gly-Tyr. In hCPA2, this ammo acid is Ala (31, 3f ''f"^" 
aSding to our model of hCPA2 adds 0.5 A to the width of he 
hcS binding pocket compared with hCPAl although the 
*Ige from Thr to Ala also increases peripheral space which 
J ^faccounted for in this simple analysis). Consistent with a 
wider poclet hCPA2 accepts bulkier aromatic substrates than 
rCpIHs has been reported by others for Tn^based -ode 
substrates (37). .s we have reported for MlX■naphthy^^^31) 
and show in Table III for several compounds. To determine U 
this enlarged hCPA2 binding pocket compared with hCPAl 
olte rUated in hCPAl. hCPAl-T268A was generated^ 
We observed that the mutation mcreased ^e «e A tor 
hCTAl approximately 500-fold for MTX-naphthyl-Ala te 
vrithin a factor of 2 of WT hCPA2 with this compound, and a 
although less dramatic, ^ff-t -s dso obsen^ed f^^^ 
MTX-3.5-diiodo-Tyr. Indeed, activity with hCPAl-T268A par 
alleled that of WT hCPA2 for most prodrugs made. not^^e 
exception for this was MTX-Phe itself, which was used 250-fold 
;refficientlybyhCPAl-T268AthanWThC^^^^^^^^ 
that additional factors (such as amino acids 253 and 254) were 
also involved in substrate ahgnment. 
To ml use of the information that position 268 was impor- 
. Jt in defining the substrate pocket and te incre^-Jh^^'^JlJ 
dimensions further,thesi.onhea^^^^^^^^^ 

E change only produced a modest, 2-fold.- enhancement in 
acS of tJIe'enzyme with MTX-naphthyl-A^a compared 
v^th hCPAl-T268A. suggesting that Ala at position 268^^^ 
sufficient for proper substrate bmdmg and alignment of M l X 
naSyl-Ala To explore this enlarged binding pocket further 
JhebSy amino acid prodrugs in Table I designed^te m 
inte the active site of our structural model for hCPAl-T2680. 
The compounds were synthesized and tested. 

Determination of Optimal Binding Pocket Limits for 

Bulky Prodrugs 
Tables III and VII show that the ^-iodo -bstituent on^iod^ 
MTX-Phe was accommodated by both WT hCPAl ana vv i 
S Indeed, k^JK^ of WT hCPA2 with MTXJf 
was 4-fold larger than wij ^^'^^^-^^^Sl^ Z 
■ hCPAl, however, the k^^K„ tor tne loau 
pound was approximately 4-fold smaller than that for MTX- 
Phe TWs suggested that for hCPAl the added size of the lodo 
r,Sst^tnt"which has a van der Waals radius of 4-23 A along 
Se C-I bond, was at the space limit of the binding pocket The 
i 000^ Id decrease in k^JK„ for 2-cyclopentyl-subst^^^^^^^^ 

• MTX-Phe which has a van der Waals radius of 4.97 A. meas 
• S S^ngt bond connecting the substituent te the nng in 

• Sfminimum energy cyclopentyl conformation supPorts thi 

Incremental increases in the bmding site for thej-po^ 



MTX-Phe The size of the 2-cyclopentyl substituent appears to 
be at the limit of the hCPAl-T268G binding pocket size, since 
t for T268G with MTX-2-cyclohexyl-Phe (2-cyclohexy 
vTtti a""minimum energy conformation van derWaals radius of 
TS A) was 200-fold lower than that for MTX-2-cyclopentyl- 
Phe These date suggest that the T268G mutation in hCPAl 
Sfctionally increased the space at the ortho-P^^^^^^^^^^ 
least 0 74 A (4.97 - 4.23) to less than 1.94 A (6.17 4.26). hot 
rmparlson. calculations from our model give an added lenjh 
in this dimension of 1.5 A, in good agreement with the struc 
ture-activity relationship. uppAi 
None of the meta-substituted prodrugs were WT hCPAl 
u (h IK < 10 M-^ s'^) including the smaller com- 

SubstrateS (fecat/^m - M o i % a ^^ k\ ani\ ^-cv- 

pounds. 3-«-butyl- (van der Waals radius f 4.11 A) and S qt 
Sbutyl- (van der Waals radius ^cTutt^n 
2-substituted prodrugs, however, the hCPAl-T268G mutation 
e4t ted acti^ty with several of bulky prodrugs v^h 
kJK values similar to or better than WT hCPAl with MTX- 
PhSse included 3-t-butyl-. 3-cyclobutyl-. -d 3-cyc opent^J- 
Phe and 3-cyclopentyl-Tyr. The 3-ri-pentyl- (length of 7.11 A 
rXtiied 'prodrug appears to be beyond the »mit jf ^-^^ 
substituent size for the meta-position. S^^^^^none o^he 3^b 
stituted compounds were active with the WT hCPAl a tunc 
measure of the hCPAl-T268 pocket increase at the meta- 
poin binding site is not feasible, but calculations from our 
modeT^eld a 1^-A increased length at this position as well. 

The^c Sadies of WT hCPA2 with the 3-substituted com- 
poInL we" all low, but detectable activity with the 3-cyclobu^ 
S 3- -butyl-, and 3-cyclopentyl-Phe. which were ^active with 
Wr'hC^PAl, suggests the presence of more space m the met^ 
Zition bindini site in hCPA2 than in the corresponding site 
nSl. as expected. As with the 2-substituted prodmgs. the 
activity of hCPAl-T268A mimicked that of WT hCP^^^^^ 
porting the apparent similarities of the hCPAl-T268A ana w i 
binding sites, although the correlation was not as tight 
as for the 2-substituted compounds. „„.,tv,P 
1 iS^atetion of hCPA2 to A268G did not prove as eff^^^^^^^ 

T9fiftO mutatibn for hCPAl. Thus, while the KJi^m values 
SaI-tS^^ several of the 3-substituted prodrugs were 
hOFAl-i/bouwitn for hCPA2-A268G with these 

over 100,000 m \ the fecat/^m/oi^,"^^^ ^ ^^KoiP^hib- 

this compound was hydrolyzed too rapidly by P^«"^^tKjm 
and as sSch was not useful. The compound '"ay ^"gf f^^^^ 
ever, that oth^3,5-disubstituted prodrugs should be explored 
for hCPA2-A2@G. 

\ Summa^ Analysis of Optimal Enzyme I Prodrug 
Combination 

-iVte 3-cyclopentyl substituent on either Tyr- or PheW 
proLgs produced very poor enzyme activity with both hCPAl 
«r,H hCPA2 This poor enzyme activity resulted in exceliem 

»boirrand%he-based3^^^^^^^^^^^ 

Sefort the optimal enzyme/prodrug conJbinaUon f^m *e 
current analysis is hCPAl-T268G with either Tyr- or 
based 3-cyclopentyl prodrugs. 
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that cannot be accounted for in ovir model. Thus, the k^JK^ of 
hCPAl-T268G with the 3-cyclobutyl prodrug was at least 
100,000 times greater than that of WT hCPAl with this pro- 
drug and actually 4 times better than WT hCPAl with MTX- 
Phe. In contrast, mutation of hCPA2 to hCPA2-A268G en- 
hanced the activity with this compound less than 10 times, and 
the absolute k^JK^ for the mutant was about 40 times poorer 
than WT hCPA2 with MTX-Phe. Similarly, the 3-cyclopentyl- 
Phe, 3-n-pentyl-Phe, 3-«-butyl-Phe, 3-cyclopentyl-Tyr, 3-cy- 
clobutyl-Tyr, and 3-f-butyl-Tyr prodrugs were all 10-1000-fold 
better substrates for hCPAl.T268G than for hCPA2-A268G. 
These differences define some as yet undetermined deficiency 
in our model and stress the importance of result-directed model 
refinement, as used here, for this tjrpe of enzyme and prodrug 
design process. 

Cell Culture ADEPT 

For the purposes of ADEPT, the kinetic data indicate that 
hCPAl-T268G is the best suited enzyme. This conclusion is 
based on the excellent stability of 3-substituted Phe and Tyr 
prodrugs in pancreatic juice and their equally excellent hydro- 
lytic rates with the hCPAl-T268G. This conclusion led us to 
test the combinations further in a series of in vitro ADEPT 
experiments. In these experiments we showed that only anti- 
gen-specific binding of conjugate to tumor cells {i.e. the ING- 
l-hCPAl-T268G conjugate with HT-29 cells) was able to gen- 
erate an ADEPT response. Importantly, the data indicate that 
the tumor cell-bound enzyme is capable of generating MTX 
from otherwise in vivo stable prodrugs at relevant conjugate 
and prodrug concentrations. Indeed, in the presence of suffi- 
cient conjugate, the IC50 of the prodrugs tested approached that 
of MTX itself. Since MTX efficacy is dependent upon both the 
concentration and time of exposure, the IC50 data indicate that 
MTX was rapidly and quantitatively generated in these cases. 

The relative efficiency at which ING-l-hCPAl-T268G used 
the prodrugs tested in the cell culture experiments can be 
assessed by comparing the amount of conjugate required to 
drop the prodrug IC50 to that of MTX itself. For MTX-3-cyclo- 
pentyl-Tyr, the amount of conjugate needed was 10 /tg/ml. In 
comparison, for MTX-Phe the amount needed was less than 2 
)xg/ml, since at all conjugate doses tested, MTX-Phe was as 
active as MTX itself. This is consistent with the relative KJK^ 
values for these compounds with hCPAl-T268G (0.16 versus 
7.35 X 10® M"^ s"^ for MTX-3-cyclopentyl-Tyr and MTX-Phe, 
respectively). 

The conjugate doses of 2-10 ^ig/ml required here can be 
compared with those reported for other enzyme prodrug sys- 
tems. Thus, others have reported the requirement of 0.25-10 
jig/ml for antibody-enzyme conjugates using )3-lactamases (12, 
13), 1-10 ptg/ml for E. coli /3-glucuronidase (22, 23), 10-50 
P^m\ for bovine alkaline phosphatase, and 10-100 ftg/ml for 
penicillin-G amidase (8, 9). This comparison suggests the effi- 
ciency of the current system is comparable with that of most 
other systems. 

The p-lactamase system with a doxorubicin prodrug appears 
to be more efficient than that reported here. However, the 
selectivity of the current system appears to be greater than 
that of the /3-lactamase/doxorubicin system, since in the ab- 
sence of enzyme, the doxorubicin prodrug was only 7-fold less 
toxic than doxorubicin itself, while the MTX prodrugs were 
800-fold less toxic than MTX (13). Nonetheless, the greater 
efficiency of the j3-lactamase/doxorubicin system suggests that 



serum was the more severe, inhibition of these enzymes by 
human serum was significant. Further site-directed or random 
mutagenesis experiments may permit these refinements. The 
important advantage of the current system in using a human 
enzyme warrants this additional refinement. 

In summary, we have generated a novel human enzyme/ 
prodrug combination for MTX (and potentially other antifo- 
lates) prodrugs. This system was realized through structure- 
driven site-directed mutagenesis of hCPAl in parallel with 
structure-driven design of in vivo stable prodrugs of MTX. The 
work provides the first steps for the concept of generating in 
vivo stable prodrugs of MTK and a human enzyme capable of 
hydrolyzing them. The utility of this concept may extend well 
beyond the current enzyme prodrug system and provide a gen- 
eral methodology to make use of the wealth of structural data 
now available on a variety of human enzymes to design other in 
vivo stable prodrugs and mutate these enzymes to accept new 
prodrugs. The advantage that the current system may have for 
clinical use is the likely low immunogenicity of the mutant 
hCPAl along with the known toxicity profile of MTX. 
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